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FOREWORD 


Hus  research  was  perfcKined  for  the  US  Army  Construction  Engineoing  Research  Laboratory 
(USACERL)  under  contract  numbor  DACA88-93-C-00(^.  This  contract  was  issued  as  a  Pha^  1  project 
in  conjunction  widi  the  Small  Business  Innovative  Research  (SBIR)  program  Tt^:  A92-143  Titled: 
Automated  In-Situ  Inflection  S^ms  for  Underground  Fuel  Storage  Tanks.  Mr.  Vincent  F.  Hoch  is  die 
tedmical  Point  of  Contact  for  tins  project 

The  research  was  conrhicted  by  RedZrme  Robotics,  Inc.  of  Pittsburgh,  PA.  Christofdier  C.  Fronune  was 
foe  Principal  Investigator  and  Warren  C.  Whittaker  was  foe  Lead  Engineer  for  foe  project 

DR.  L.R.  Shaffer  is  foe  Duectru’ of  USACERL,  Lt  Col.  David  Rdibein  is  foe  Commander  of  USACERL 
and  Dr.  Paul  Howdyfoell  is  the  Division  Chief. 
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AUTOMATED  IN-SITU  INSPECTION  SYSTEMS  FOR  UNDERGROUND  STORAGE  TANKS 


CHAPTER  1.  INTRODUCTION 
Background 


Fiednal  and  Army  regul^os  require  that  all  underground  iiiel  sttxage  tanics  (USTs)  be  in 
com(dianoe  widi  the  most  siringeot  pc^cy  governing  leak  detection,  corrosion  protection  and 
sf^overflow  prevention.  All  tanks  must  be  in  coi^ance  by  1998  to  continue  operations.  The 
ma^itude  of  these  requirements  can  only  be  understood  when  one  realizes  that  dieie  are  an  estimated  2 
milUon  trSTs  inuse  in  the  United  States,  with  the  Army  alone  operating  over  20,000.  The  majority  of 
these  tanks  »e  old  deagns  and  installadons  that  may  r^uire  significant  retrofit  to  come  into  compliance. 
The  driving  force  bdiii^  these  regulations  is  the  recem  attention  given  to  leaking  USTs  dutt  have  caused 
soil  mid  ground  water  contamination  and,  in  a  few  cases,  fatal  explosions.  Given  the  large  number  of 
older  U^s  in  service,  without  ptopa  inspection  procedures,  these  events  will  become  more  fiequenL  It 
is  estimated  that  to  bring  the  ta^  into  compliance  will  cost  $20,000  each;  the  cost  to  clean  iq> 
contaminated  soil  or  ground  water  is  many  times  the  cost  of  inspecting,  repairing  or  decommissioning  the 
tanky 


The  problem  facing  the  tank  owners  is  how  to  make  an  informed  dedsion  about  what  actions  to 
take  regan^  a  qiedfic  tank.  Most  of  the  current  technologies  only  tell  the  owner  if  his  tank  is  leaking 
or  not  leaking  and  do  not  analyze  die  condition  of  die  tank.  The  best  technology  available  to  mak^  an 
accurate  analysis  of  the  tank's  condition  requires  entry  to  conduct  tests.  Entry  into  the  tai±  requires  an 
extensive  operation  to  drain  and  purge  the  tank  before  humans  widi  breathing  apparatus  can  enter.  The 
best  data  Cor  analyzing  a  tank  comes  fiom  conducting  an  ultrasonic  transducer  (UT)  thickness  survey. 

The  ultimate  goal  of  die  Army  program  is  to  analyze  their  USTs  in-situ  and  manage  diese  tanks. 
USACERL  is  develofnng  several  tedmiques  to  statistically  analyze  the  condition  of  a  UST  by  integrating 
several  pieces  of  data.  The  one  key  element  in  diis  program  is  to  obtain  the  UT  duckness  survey  of  the 
tank. 


Objectives 

This  rqxnt  covers  the  research  for  the  development  of  a  robotic  system  ctqiable  of  performing  an 
in-situ  autoimaed  ultrasonic  thickness  inspe^on  on  the  interior  of  a  fueled  USTT.  The  concentration  of 
this  study  has  been  to  identify  die  ^ledfications  for  and  the  identification  of  the  component  techncdogies 
required  for  the  integndion  of  the  robotic  sy^m.  The  key  systems  investigated  were  die  robot 
mechanism,  the  positioning  and  sensing  devices,  the  UT  infection  hardware,  die  operator  station 
hardware  and  the  system  software.  Due  to  the  tuzardous  UST  environment,  hazardous  cotification  was 
also  researched  because  of  the  impact  on  the  design. 


Abstract 

Chqita:  2:  We  evaluated  different  options  for  the  mechanism  used  to  deploy  the  sensing  equipment 
in  the  tank  and  defined  die  robot  performance  specifications.  This  task  was  acconqilished  by  surveying 
various  UST  confi^ations  and  looking  at  commercial  robotic  systems  that  performed  elements  of  this 
work.  Our  engineering  department  held  brainstorming  sessions  to  define  die  ^ledficatioos. 

Chapto  3:  We  defined  die  functional  specifications  of  the  UT  inspection  system,  and  identified  the 
sensing  e^pment  capable  of  meeting  those  requirements.  We  accomplished  this  task  by  reviewing 
agency  standards  mi  investigating  the  UT  equipment  manufacturers  a^  inflection  companies. 
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Chapter  4:  We  defined  a  specification  and  strategy  to  integrate  hardware  and  software  in  order  to 
know  the  position  of  the  robot  in  the  rank.  This  was  accomplish^  with  a  literature  search  and  by  drawing 
on  our  accumulated  engineering  knowledge  on  diis  subject 

Ctuqjter  S:  We  defined  the  design  consideration  fw  hazardous  area  certification  and  the 
cetfificafirm  process.  We  first  research  the  regulatioos  that  govern  operaiton  in  a  hazardous 
environment  This  research  led  to  the  OMiclusioo  that  elements  of  the  robotic  system  hardware  needed  to 
be  de^gr^  for  operation  in  this  environment  Research  into  the  design  considerations  led  to  the  need  ^ 
certifict^on  of  the  hardware  for  r^reration  in  these  environments  and  the  research  of  file  certification 
process. 

Chapter  6:  W  integrated  fiie  elements  ftom  file  previous  chapters  into  a  robotic  UST  inflection 
systent  We  accomplished  the  design  of  the  system  by  drawing  on  the  expertise  of  RedZone  engineers 
and  the  expertise  of  component  manufacturers. 

Ctupter  7:  We  fabricated  a  UST  mockup  and  a  medianical  device  to  investigate  file  mobility  issues 
and  dead  reckoning  capabilities  of  our  chosen  design.  Based  on  the  tests  performed  we  refined  the 
robotic  design. 

Chapter  8:  We  drew  conclusions  and  recommendations  for  the  system  design. 


Limitations  of  Scope 

We  limited  the  study  focus  to  steel  tanks  to  take  advantage  of  magnetics  in  the  robotic  design.  Steel 
tanks  represent  the  nuyority  of  the  underground  storage  tanks  that  are  to  be  investigated.  Muchofthe 
research  conducted  and  presented  in  fins  paper  is  transferable  to  robotic  systems  fi^  would  be  used  to 
non<feirous  underground  storage  tanks. 

The  robot  deagn  was  linuted  to  de{fioymeia  into  a  UST  through  a  4  inch  (fipe.  Scalability  of  the 
robot  concept  is  disaissed  in  Ctupter  6  of  fi&  Pfia. 

This  study  focused  on  file  robotic  issues  and  file  EPA  requirements  to  collecting  file  raw  UT  data. 
However,  this  study  did  not  focus  on  the  post-(aocessing  of  the  raw  UT  data  for  integration  into  a  tank 
assessment  The  statistical  analysis  of  the  raw  UT  thickoess  data  will  be  handled  by  USACERL. 

The  robot  mockup  constructed  during  this  researdi  was  developed  specifically  to  study  mobility 
and  dead  reckoning  concerns.  This  system  is  ttesoibed  in  Ctupter  7. 


Mode  Technology  Transfer 

RedZone  is  supplying  fius  document  as  the  technology  transto  for  the  fulfillment  of  the  {fiiase  1 
work  of  this  SBIR  program. 

In  the  phase  2  work  of  the  SBIR  program  RedZone  Robotics,  Inc.  intends  to  develop  a  prototype 
robmic  system  that  will  be  designed  for  use  in  the  hazardous  UST  environmenL  We  will  also  patent  the 
system.  Hie  technology  transfer  will  be  a  demonstration  of  the  robotic  system  in  RedZone's  UST  mockup 
and  the  documentation  developed  with  file  program. 

Under  i^iase  3  of  the  SBIR  program  RedZone  will  comm^cialize  the  robotic  system.  The  robotic 
system  will  be  made  available  to  sovice  contractors  who  will  offer  complete  UST  inspection  services  to 
the  Army  thus  completing  to  technology  transfer. 


6 


CHAPTER!.  DESIGN  SPEaFICATIONS 


UST  Spedflcatioiis 

The  following  list  is  a  summary  of  ttie  typical  UST  parameters: 

•  Cylindrical  in  shape  with  flat  end  caps. 

•  Steel  or  fiberglass  construction. 

•  Wall  thicknesses  fi)r  steel  tanks  are  1/8  in.  (3.2  mm)  to  3/8  iiL  (9.5  mm). 

•  Tank  volumes  are  500  gallons  (1.89  Id)  to  50,000  gallons  (189  kl). 

•  Diam^ersofthetanksare4ft(1.21  m)to  12ft(3.66m). 

•  Thelengthsoftanksare5ft(U2m)to60ft(18.3m). 

•  Most  USTs  have  at  least  one  4  in.  (101.6  mm)  access  riser.  Some  of  die  small,  older  tanks 
only  have  2  iiL  (50.8  mm)  and  3  in.  (76.2  mm)  risers. 


Draft  Standard  Specifications 

The  following  selected  specifications  affecting  die  robot  system  design  come  ditecdy  fiom  die 
Draft  Standard  For  The  Robotic  Inspection  of  Underground  Sto^e  Tanks  submitted  to  the 
Environmental  Protection  Agency.  This  standard,  once  approved,  is  to  govern  die  use  of  the  robotic 
systems  researdied  in  this  contract 

A5.1.4  STATIC  ELECTRICITY  CONTROL:  Adequate  precautions  shall  be  taken  to  prevent  the 
accumulation  and  (fisdiarge  of  static  electricity  (See  NFPA  77  Recommended  practice  on 
Static  Electridty) 

A5.1.5  ELECTRICAL  EQUIPMENT:  During  site  preparation,  all  electrical  equipment  used  in 
the  vsqxH’  area  shall  be  safe  for  operation  in  die  defined  environment  Ground  fault 
intern^  are  required  for  portable  electric  equipment 

A6.2.2  SURFACE  PREPARATION:  In  accordance  with  ASTM  E 1 14,  all  surfaces  to  be 

examined  shall  be  uniform  and  firee  of  loose  scale  and  paint  dirt  m  other  deposits  vdiich 
affect  examination  results  to  the  extent  possible.  The  surface  must  be  adequate  to  permit 
ultrasonic  examination  at  the  sensitivity  specified.  The  surfaces  may  be  prepared  for 
examination  purposes,  in  a  manner  compatible  with  the  stored  product  environment  by 
the  robotic  inspection  apparatus. 

M25  COUFLANT:  The  couplant  shall  be  the  stored  product  or  a  material  compatible  with  the 

stwed  product  and  shall  be  appropriate  for  the  surface  finish  of  the  materid  to  be 
examined.  The  surface  finish  and  couplant  of  the  reference  standards  shall  be 
acoustically  similar  to  those  of  the  tank. 

A6.2.6  ULTRASONIC  GAUGING: 

A6.2.6. 1  The  ultrasonic  equipment  used  in  the  robotic  inspection  of  undnground  storage  tanks 
shall  take  latoal  measurements  every  4-6  inches  of  linear  feet  of  travel  throughout  the 
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entile  interior  surface  of  the  tank  at  a  maxinnun  axial  spacing  of  3  feet  Where  ctnrosion 
damage  is  mote  severe  the  distance  shall  be  not  more  t^  a  distance  less  than  3  feet 
determined  by  the  inflection  engineer  to  provide  adequate  inspection  data. 

A6.2.6.2  Dfiending  on  entry  surfax  condidons,  the  minimum  UT  thickiiess  measuiement 

capability  may  v:^  from  0.050  •  0.125  inches.  The  instrument  should  be  able  to  measure 
remaining  wall  thickness  to  an  accuracy  of  ±0.010  indies  and  to  detect  a  fhu  bottom  hole 
of  0.125  mdies  diameter. 

A6.2.6.3  Ihe  s;^mdiould  demonstrate  position  accuracy  and  repeatability  udiich  supports 
statifically  meaningful  determination  of  wall  condition. 

A6.2.7  ROBOTIC  SPECIRCATIONS 

A6.2.7.1  The  robotic  inspection  device  shall  be  able  to  enter  the  tank  through  a  minimum  4  inch 
(qiening  and  studl  be  versatile  enough  to  enable  it  to  traverse  100%  of  the  interior  of  the 
tank. 

A6.2.7.2  ASTM  E 1 14requires  that  fw  automated  scaiming.  the  seardi  unit  be  held  by  a  suitable  fixed  device 

A6.2.7.3  The  robotic  crawler  shall  be  able  to  free  the  interior  surfaces  of  the  tank  from  rust,  loose 
scale,  paint  and  otiier  deposits  as  required  by  A6.2.2  above,  to  ensure  a  clean  surface  for 
ultrasonic  inspectiorL 

A6.2.7.5 . The  robotic  inspection  system  shall  be  safe  for  r^ieralion  in  the  defined 

environment 


RotMtk  System  Spedffcations 

RedZone  developed  these  additional  specifications  for  the  robotic  system  design: 

•  The  tank  must  be  constructed  of  steel. 

•  The  tank  can  contain  any  level  of  fuel. 

•  The  robot  must  be  capable  of  traversing  100%  of  the  interior  tank  wall,  including  tiie  end 
Cf)S. 

•  The  system  will  be  cfrable  of  opiating  in  undoground  fuel  storage  tanks  without  defuelit^. 

•  The  portioning  system  will  be  capable  of  an  accuracy  to  at  least  5%  of  the  traveled  distance. 

•  The  robot  will  be  cf)able  of  deploying  a  5  lb.  payload  package. 

•  The  payload  can  be  delivered  up  to  100  ft  from  the  surface  entry  point 

•  The  robot  must  be  cf)able  of  inspecting  a  clean  tank  at  a  rate  of  250  sq  ft  per  hour.  The  tank 
cleanup  and  sludge  removal  taslu  nee^  for  inspection  may  take  substantially  more  time. 


Robotic  Approaches 

We  identified  sevoal  a{qnoaches  for  a  mechanism  to  deploy  tlx  sensing  capability: 

•  Swimmers,  based  on  remote  ocean  vehicles,  can  be  used  to  deploy  sensors  in  full  tanks. 
However,  svrimmers  lack  die  required  positional  stability  for  effective  ultrasonic  imaging. 
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and  require  tiutt  the  tank  be  lull  for  100%  inspection.  They  do  not  lend  themselves  to 
autoou^  scannit^  due  to  lack  of  precise  incremental  motions. 


•  Long  reach  manipulatixs,  as  used  to  inspect  nuclear  reactor  vessels,  could  be  applied  to 
USTs.  There  are  a  numba  of  significatti  disadvantages  to  this  appro»:h  inclutting  the  large 
size  of  the  equipment  required  to  reach  the  entire  intmor,  small  cross  sections  needed  to 
access  tanks  and  die  in^ility  of  the  endpoint  in  a  long  teach  configuration. 

•  Wall-walkers  are  medianisms  that  attach  to  walls  via  suction  or  magnetism  and  walk  around 
with  sinqde  gaits.  The  disadvantages  of  these  devices  are  die  length  of  time  requited  to  make 
an  excursion  from  one  end  of  the  tank  to  the  other  and  die  possibility  of  problems  itftaching 
through  heavy  sludge  or  debris.  The  two  means  of  adiieving  wall  attacl^nt  are  discussed 
below: 

Magnetics  -  either  electromagnetic  or  permanent  magnets  with  a  degaussing  procedure  can  be  used. 
Magnetics  are  limited  because  ttey  only  wwk  on  metallic  tards;  however,  the  older  tanks  are 
pte^minandy  metal. 

Suction  -  can  be  tqiplied  as  active  or  passive.  Active  would  require  diat  a  vacuum  be  pulled  under 
the  attachment  pad.  Passive  simply  uses  pressure  to  remove  air  from  und^  the  pad.  Suction 
devices  work  on  plastic  as  well  as  metal  tanks. 

•  Magnetic-wheeled  or  tracked  crawlers  ate  devices  that  use  magnetics  to  generate  enou^ 
attraction  with  the  wall  to  allow  the  vdteels  or  tracks  to  move  the  device.  The  advantage  is 
they  are  fiist  and  are  coupled  widi  the  wall  surface  to  be  inspected.  Difficulties  are  primarily 
related  to  slippage  in  turning  and  transitioning  to  the  walls. 

Our  researdi  into  existing  systems  and  brainstmining  efforts  led  to  the  selection  of  a  magnetic- 
nlieeled  system  as  die  best  deployment  [datfcHm  because: 

•  They  maintain  good  positional  accuracy. 

•  They  ate  simider  mechanisms,  hence  easier  to  contrd  than  die  others 

•  Their  weight  and  profiles  do  not  inaease  with  the  size  of  the  inspection  region,  as  with 
manipulators. 

•  Thoe  is  a  precedent  for  the  deployment  of  ndieeled  vehicles  for  robotic  UT  inspections  on 
tanks 

We  discussed  the  following  configurations: 

•  Skid  steered  vehicles  drive  by  having  all  of  the  wheels  or  tracks  on  each  side  of  the  vehicle 
grouped  together.  Driving  occurs  when  both  sides  are  driven  together  in  dte  same  direction  at 
the  same  speed.  T\iming  occurs  when  one  side  is  driven  at  a  different  speed  from  the  odier. 
The  turning  occurs  by  slddtfing  the  wheels  along  the  surface.  D^nding  on  the  interaction 
with  the  tank  surface  and  die  attractive  force  of  the  magnetics,  this  skid  steering  may  not  be 
predictable  on  the  tank  surfaces. 

•  Ackerman  steered  vehicles  and  tricycles  operate  by  having  one  or  two  steering  wd^els  and 
the  steering  or  die  rear  wheels  also  drive.  This  system  is  like  an  automobile  a^  requires 
extensive  fanning  to  execute  turns  and  back  out  of  a  situation.  Ihis  system  also  requires 
integrating  the  steer  and  drive  motions  to  calculate  position. 

•  Articulated  vehicles  operate  by  pivoting  the  center  of  die  vehicle.  Tlwse  systems  have  a 
limited  turn  angle  and  because  of  the  pivot  in  the  center  the  mechanics  become  complex. 
These  vehicles,  like  the  Ackerman  scenario,  require  extensive  planning  for  conducting  turns. 
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•  All  Steer  all  drive  vehicles  work  by  steering  all  of  the  wheels  and  driving  widi  all  of  the 
wheels.  Hie  advantage  to  this  type  of  system  is  that  you  can  travel  in  any  direction  anytime 
without  changing  the  orientatioo  of  the  vehicle.  The  swept  volumes  to  steer  the  wheels  made 
this  design  to  large  for  a4  in.  access. 

•  Center  {Mvot  vehicles  drive  by  having  one  motor  to  drive  all  of  the  wheels  or  tracks  in  the 
same  directiotL  This  thive  offers  the  best  tractive  forces  for  straight  driving  just  like  dK  sldd 
steer  vdiicle.  This  vehide  turns  by  stopfnng,  standing  on  a  central  pivot  foot  adiich  raises  the 
wheels  off  the  surface,  pivoting  and  raising  the  foot,  and  placing  the  wheels  back  down  on  the 
sur&ce  in  the  new  oiientatiotL  This  system  has  the  advantages  of  exoeUent  traction,  excellent 
dead  reckoning  and  simple  motion  control. 

We  choose  the  center  pivot  vehicle  as  the  best  configuration. 
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CHAPTER  3  UT  SENSING  HARDWARE 


The  goal  of  this  system  is  to  build  a  tank  wall  thickn^  m^,  based  on  UT  sensor  readings 
throughout  the  tank.  The  functional  specifications  for  the  inspecfion  system,  woe  defined  in  the  Draft 
Stanford  For  The  Robotic  Inflection  of  Underground  Storage  Tanks  submitted  to  the  Environmental 
Protection  Agency. 

During  this  task  we  contacted  manufacturers,  infj^on  companies  and  researchers  to  identify  the 
UT  technologies  capable  of  meeting  the  inspection  criteria  and  available  for  integration  onto  a  rcrtxrtic 
system.  The  foOowing  is  a  summary. 

•  All  of  the  UT  technologies  identified  require  cleaning  and  good  contact  wifli  the  steel  surface. 

•  All  of  the  UT  equifnnent  manufacturers  have  standard  equipment  capable  of  taking  the 
thickness  data  as  confirmed  by  the  inspection  companies  currently  conducting  these  tests 
manually. 

•  Of  the  companies  contacted  only  A.M.  Data  of  Windsor,  CT  stated  that  diey  had  collected  UT 
data  in  a  hazardous  environment  Most  of  the  manufacturers  stated  they  are  interested  in 
supporting  the  development  of  an  UT  sensor  fCH'  die  hazardous  environment 

•  Multiplexing  many  UT  sensors  can  provide  highor  density  scans  or  broado’  area  coverage 
with  each  pass.  Looking  at  the  draft  standard  criteria  the  sensing  can  be  acconplished  by 
using  one  UT  sensor  thus  avoiding  the  additional  costs. 

•  The  emerging  technologies,  inclurfing  Innovative  Dynamics'  UT  sensor  system,  are  not  ready 
fin:  integration  at  dds  time. 

•  We  have  allotted  space  and  payload  capacity  in  the  design  to  implement  future  developments 
in  die  UT  sensors  or  to  allow  for  equipment  integration  to  carry  out  more  stringent  UT 
inflections. 

RedZone  is  currently  involved  with  the  integration  of  a  UT  sensing  system  on  a  robot  for  inspecting 
the  double  wall  inspection  tanks  at  the  Hanford,  WA  Dfiartment  of  Et»rgy  site.  This  work  is  bein^ 
conducted  fiir  Ebasco  Services,  Inc.  of  New  York,  NY  a  leader  in  rank  inspection  service.  The 
development  model  laid  out  ftir  the  Hanford  project  is  viewed  by  Ret^ne  as  the  best  way  to  ensure 
successful  UT  inspection  and  robot  integration.  The  model  of  development  follows; 

•  Select  an  inspection  company  who  is  actively  pursuing  the  UST  inflection  market 

•  Have  the  inspection  company  work  with  the  UT  equipment  manufacturers  to  select  the 
f^iropriate  sensing  head  and  recording  equipment  n»;ded  to  conduct  the  survey. 

•  RedZone  will  work  with  the  UT  equipn^nt  manufocturer  to  integrate  dK  sensing  device  into 
the  robotic  system  in  order  to  assure  successful  hazardous  location  certification. 

•  Red2toiK  will  develop  the  couplant  supply  mechanism.  The  inspection  company  will  specify 
the  couplant  to  be  used  with  the  different  tank  products  to  assure  proper  inspection  with  the 
UThead. 

•  RedZone  will  develop  the  cleaning  mechanism.  The  inspection  company  will  define  any 
limitations  in  surface  conditions  that  can  be  inspected  ar^  the  cfiabilities  of  the  cleaning 
system. 


11 


RedZone  and  the  inspection  company  will  conduct  testing  to  guarantee  the  success  of  die 
system. 


By  following  this  model  and  integrating  the  inspection  company  from  the  outset  we  can  assure  die 
success  of  the  UT  inspection  and  the  future  acceptance  and  availability  of  the  inspection  service. 

The  following  are  the  design  elements  required  for  the  development  of  a  UT  inspection  system  for 
the  hazardous  environment  The  discussions  of  esadi  element  include  our  reseaitA: 


Transducer 

The  transducer  is  the  actual  sensing  device  used  to  take  the  readings  of  the  thickness  of  the  metal 
and  can  be  purchased  from  most  UT  equqiment  manufacturers.  The  manufacturers  conta^ed  aU  have 
transducers  that  meet  the  requirements  of  die  draft  standard  requirements.  Commercial  thickness 
transducers  require  a  high  voltage  trigger  pulse  fw  qieratioa  high  voltage  prevents  die  sensor  from 
being  classified  as  intrinsically  safe.  Therefore  the  unit  must  be  classified  as  explosion-proof  or  purged 
and  pressurized.  A  custom  transducer  that  is  sealed  and  the  input  wiring  purged  and  pressurized  should 
be  c^iable  of  being  certified  fw  operation  in  the  hazardous  environment 


Couplant 

Couplant  is  required  by  the  transducer  to  fill  the  voids  between  the  transduco^  head  and  the  tank 
surface  being  inspected  to  assure  accurate  readings.  We  will  either  use  the  product  as  the  couplant  or  we 
will  have  to  sui^y  a  material  compatible  udth  the  product  as  the  couplant 

The  difficulty  in  using  the  product  as  the  couidant  is  keeping  the  contaminants  produced  during 
cleani^  from  fouling  the  sensor  head  and  purming  the  volatile  liquid  into  the  vsqwr  space  above  the  fluid 
level  in  the  tank.  The  product  can  be  actively  mt^^  for  use  when  submerged  in  the  tank  requiring  an 
on-board  filter  systent  The  more  difiScult  problem  is  certification  of  the  pumping  system  and  ttie  danger 
of  vtdatizing  the  head  space  above  the  fluid  level. 

Using  a  cotqilant  cornpatible  with  the  product  requires  a  reservoir  on  board  ttie  robot  ot  a  supply 
line  beside  die  tether.  The  impact  of  die  compatible  couplant  on  the  product  will  need  to  be  analyz^ 
Installi^  a  couplant  recovery  system  that  re-uses  the  couplant  will  minimize  die  volume  retpjired  fru  the 
inspectioa 

The  couplant  strategy  used  will  depend  on  die  product  in  the  tank  and  the  volume  of  couplant 
required  by  the  inspection  head.  The  mechanical  deployment  devices  for  either  couplant  method  can  be 
adapted  to  the  robot 


Cleaning 

Prior  to  taking  a  diickness  reading,  a  spot  on  the  tank  must  be  cleaned.  In  order  to  minimize  the 
contamination  of  the  i^uct  we  are  proposing  that  the  robot  clean  areas  slighdy  larger  dian  die  probe  for 
inspection.  The  cleaning  will  occur  automatic^ly  while  die  robot  is  driven.  As  the  robot  moves  ahead  a 
cleaning  brush  will  clean  the  surface  of  the  tank  and  the  contaminants  will  be  vectored  away  from  the 
inflection  head  by  a  guard. 


Inspection  Head  Deployment 

In  order  to  inspect  die  tank  wall  successfully,  the  sensing  head  must  be  in  contact  with  die  surface 
of  die  wall.  To  accomplish  this  a  mechanical  spring-loaded  device  will  keep  a  small  sled  in  flat  contact 
with  die  wall.  The  sled  will  contain  the  sensing  head  and  a  couplant  supply  line.  The  head  will 
incorporate  contact  switches  to  assure  alignment  and  contact  force. 
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Data  Collection 


A  commercial  UT  thickness  data  management  system  will  be  used  to  collect  and  report  the  raw  data 
fw  the  tank.  RedZone  will  integrate  the  positional  data  from  our  robot  controller  to  tte  commercial  UT 
equipment 


13 


CHAPTER  4.  POSITION  SENSING 


Several  apppadies  to  the  positioning  problem  including  acoustic  sensms,  dead  teckmiing,  vision, 
geometric  and  tactile  based  schemes  were  investigated. 


Acoustic  Sensors 

Acoustical  sensors,  such  as  sonar,  are  impractical  for  general  positioning  of  the  robotic  system  in 
the  tank.  They  are  subject  to  problems  generate  by  the  ed^s  in  the  tank  and  are  also  subject  to  the 
acoustical  properties  of  the  product  in  the  tank.  Hie  data  rdurned  is  significantly  diffoent  vdien  ttiere  is 
fluid  present  when  the  tanks  are  empty.  Acoustical  scomg  can  be  effectively  ap{died  for  close 

proximity  sensing  i^lications. 


Dead  Reckoning 

Dead  reckoning  relies  on  the  accuracy  with  which  small  motions  can  be  measured.  Using  an 
encoder  for  feedback  on  the  drive  motor  of  the  robot,  we  can  determine  the  distal  traveled  or  angle 
turned.  Once  a  reference  frame  to  the  tank  has  been  establidied,  accurate  position  can  be  ddermii^  by 
tracking  the  robot's  motions.  Error  will  be  introduced  into  this  measurement  by  slippage  between  the 
robot  a^  the  tank.  Accuracies  of  betto*  than  1%  of  distance  traveled  are  typi<^  wiA  dead  reckoning 
systems. 


Geomdric 

Geometric  senang  uses  gravity  and  tr^onome^  to  provide  sin^e  accurate  position  within  a  tank. 
Hie  angle  of  the  sensw  with  respect  to  gravity  can  give  the  height  along  a  cylindrical  tank  wall.  Hie 
angle  of  the  inflection  system  fiom  the  access  port  can  give  mher  measuremoits  needed  to  determine  the 
exaapositioiL 


Vision  Systems 

Vision  systems  are  extremely  limited  by  die  inability  to  see  through  the  product  when  submerged. 
However,  we  ^1  that  a  camera  could  be  used  to  view  the  tank  surface  through  a  diin  layer  of  product 
Hie  ability  to  identify  {date  seams  in  the  tank  could  be  used  as  a  supplement^  positional  reference.  The 
problem  with  these  vision  systems  is  the  robot  operator  must  either  intoact  to  tell  the  positioning  system 
of  the  event  or  the  viaon  system  must  be  automated  udiich  requites  eiqiensive  hardware  and  so^are. 


Tactile  Systems 

Tactile  systems  include  bump  sensors  and  proximity  sensors.  These  systems  tell  you  where  an 
obstacle  or  end  cap  is  located  by  contacting  or  nearly  contacting  die  surl^. 


Positioning  Scheme 

Using  these  technologies  we  developed  the  following  scheme  to  establish  aiKl  monitor  the  poation 
of  die  robot  within  the  tank.  This  scenario  addresses  the  scheme  fm:  operation  in  a  horizontal  cylindriod 
tank.  Refer  to  Hgure  1  Robot  Sensor  Layout  for  the  senscv  layout  on  the  robot 
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SIDE  VIEW 


ROLLINCUNOMnER 


MOTOR  ENOOOER 


TOP  VIEW 


Figure  1  Robot  Sensor  Layout 

1.  Ibe  robot  is  placed  into  the  bottom  of  the  tank.  When  powered  the  robot  does  not  know 
^Kiiore  it  is  within  the  tank. 

2.  To  (»ient  the  robot  with  the  central  axis  of  the  tank  the  robot  will  be  run  through  an 
automated  routiirc  that  will  establish  the  orientation.  The  routine  drives  the  robot  forward  and 
backward  a  fixed  distance  while  watching  the  pitch  inclinometer.  Hie  robot  is  stoi:^)ed  at  the 
calculated  bottom  of  the  tank  and  rotates  a  specified  angle.  The  robot  is  again  driven  forward 
and  backward  while  watching  the  inclinometer  and  the  robot  is  stoi^d  at  the  calculate 
bottom  of  the  tank.  The  data  from  the  two  runs  is  intorin^eted  into  a  relative  heachng  for  the 
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central  axis  of  ttie  tank.  Hiis  process  may  be  repeated  with  averaging  to  itnprove  the 
accuracy  of  the  initial  heading.  Using  the  data  collected  the  tank  diam^  is  also  calculated 
and  compued  with  die  historic  data. 

3.  (hioe  orioited,  die  robot  is  turned  with  the  central  axis  of  the  tank  and  the  indine  of  the  tank 
is  le^  from  the  pitdi  inclinometer. 

4.  The  robot  is  driven  to  one  of  the  end  caps.  This  is  detected  by  die  bump  sensor.  Thislocation 
becomes  tte  tank  ntference  for  die  inspMtiotL  Note  that  if  obstacles  or  heavy  sludge  ate 
present  die  robot  may  be  (foven  up  the  circumferrace  oi  die  tank  before  orienting  with  the 
central  axis  and  beginning  die  nm. 

,  S.  The  inflection  begins  and  the  robot  is  drivmi  to  the  odier  end  of  the  tank  where  the  bunqi 
sensors  indcate  die  contact  with  the  end  cf>.  The  measured  lengdi  is  compared  with  die 
Ustmical  tank  data  and  the  automated  inspection  roudne  is  stmted. 

6.  During  die  automated  inspection  die  cooqiuter  will  monitor  the  pitch  and  roll  incliruMiieters 
and  the  bump  sensors  to  Blythe  dead  reckoned  posidon.  Thre^lds  on  the  aHowihle 
vtdance  of  the  incl^meter  and  bump  sensor  reatfings  will  be  established  and  the  infiecdon 
will  be  stopped  if^reacfings  are  out  of  range.  This  will  occur  when  an  object  is  found  in 
the  tank,  die  tank  is  defmned  (V  the  robot  system  has  had  a  miyor  slip  with  die  wall. 

7.  If  a  burfi  sensor  contacts  an  object  befme  the  Old  cap  then  die  size  and  location  of  die  object 
will  be  loci^  intc^ting  a  se^  of  bumps  and  moves. 

8.  Each  endcim  will  be  inspected  by  driving  and  integrating  the  buflf)  sensors  to  assure  omnplete 
coverage  of  die  area. 

For  a  vertical  cylindrical  tank  the  floor,  roof  and  walls  will  be  bandied  widi  dead  redroning  and 
bunqi  sensing. 

In  order  to  sfiport  this  operating  scenario  the  sensors  must  meet  die  following  characterisdcs: 

•  Encoder  fm  the  drive  and  turning  modons.  This  encoder  will  be  an  incremental  encoder  with 
resolutirm  throu^  die  gearing  of  die  drive  train  of  0.01  inches  (0.25  mm). 

•  rA;linometets  fm  the  intch  and  roll  axis  indications  must  resolve  angles  widi  reflect  to 
gravity  within  T*. 

•  Bump  sensors  need  to  make  a  drcuit  on  contact 

Tank  deformations  can  also  be  measured  using  diis  configuration  by  driving  die  circumference  of 
die  tank  and  integrating  die  dead  reckoning  information  with  the  {»tch  inclinometer. 
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CHAPTER  5.  HAZARDOUS  CERTinCATION 


The  1993  National  Hie  Protection  Agency  (NFPA),  National  Electric  Code  (NEC)  Chapter  S 
Special  Occupancies  defines  gasoline  and  ^Is  as  Class  1  (jroupDhazsdous  products.  Class  1 
hazardous  locadons  are  diose  areas  where  gasses  or  viq)ors  may  acoimulate  in  ^ifBdent  quantities  u> 
produce  an  explosive  ignitsd>le  mixture.  These  Class  1  locations  are  broken  into  two  (^visions. 
Division  1  kx^ims  «e  areas  where  ignitaUe  concentrations  of  vs^ors  occur  under  normal  conditioos, 
sudiasinanUST.  Division  2  locations  are  wdiereignitable  vapors  are  usually  contained  in  a  closed 
system  and  the  vapors  can  only  escape  in  the  evem  of  an  accident,  f<v  instance  near  the  fiUer  tube  or  vent 
of  an  UST.  Both  division  1  a^  2  loctUions  exist  in  and  around  the  fuel  storage  areas  where  we  will  be 
operating  the  robotic  system. 

The  cwient  inflection  procedures  for  an  UST  require  the  declassificatioo  of  the  hazadous 
environment  by  removing  foe  hazardous  product  from  foe  tank,  purging  the  vigors  from  foe  tank  and 
activdy  monitoring  the  fMce  for  the  luaaidousva(w  concentrations.  Once  aife,  men  in  environmental 
suits  with  bieafoingf)paiatus  can  enter  and  clean,  inspect  and  upgr^  foe  tank.  Using  this  same 
declassification  prooefoue  for  the  tank  any  robot  capable  of  completing  foe  inspection  tasks  could  be 
dqdoyed  widiout  extra  precautions. 

The  cof(tfenq)tying  each  Army  tank  far  exceeds  the  cost  ofdesigning  and  certifying  a  robot  The 
basic  pmnise  of  this  project  has  bear  to  enter  the  UST  witiiout  removing  die  product;  therefore,  ttie 
design  is  subject  to  foe  Adelines  set  forth  in  the  NEC.  Sound  en^neering,  manufacturing  and  operating 
piooBdures  are  not  sufiBdent  assurances  for  inf)ectors,  owners,  operators  and  insurers.  Haardous  usage 
certification  is  tire  key  to  acceptance  for  operating  in  these  mivircnoments.  Underwiitm  Laboratories  and 
Factory  Mutual  Researdi  ate  ^  two  recognized  f>proval  service  oonfxmies  cf»ble  of  certification  in 
the  United  States. 

There  are  three  ways  etectiical  equipment  is  classified  to  (^erate  in  a  haatdous  environment; 
explosion-pmof,  intrind^y  safe  and  pui^  and  pressurized.  Es^osion-proof  devices  are  design^  to 
oontsdti,oooL  arid  vent  any  iiilenialer^o^n  preventing  igniting  foe  surrounding  vsqxns.  Intrinsically 
safe  systems  do  ix)t  have  enough  energy  to  ignite  the  vfx>rs.  Pinged  and  pressurized  systems  dedas^ 
tile  tu^dous  enviromnent  within  the  confine  of  an  enclosure  by  purging  the  enclosure,  pressurizing  ibt 
enclosuie  and  interlocking  anelectrical  shutdown  with  the  purged  gas  pressure. 

The  certification  agendes  will  also  be  looking  frn  static  dectricity  control  measures  ftnr  all  moving 
parts  and  grounding  measures  for  the  mtire  system  as  regulated  by  the  NFPA  77  regulations  govemiitg 
static  electridty. 

To  build  and  deploy  the  proposed  robotic  system  the  robot,  sensors  and  UT  system  will  be 
engineeied  for  certification  while  the  remainder  of  tik  equqnnent  will  be  set  iqi  in  a  non-hazardous 
lo^on.  The  following  list  surmnarizes  our  strategy  for  ce^fication; 

•  The  tether  management,  lighting  or  any  otiim^  device  located  at  tiie  tank  access  will  be 
eiqtiosion-proof  or  intrinsically  safe  by  design. 

•  The  motms,  encoders,  gears,  inclinometers,  UT  sensing  head,  tethm^  and  camoa  will  be 
enclosed  in  a  custom  enclosure  that  meets  the  criteria  fm  purging  and  pressurizatioa  The 
enclosure  must  incorporate  mechanical  seals  to  maintain  the  piessmization  around  the 
rotating  shafts  which  drive  the  robot 

•  The  bunq)  sensing  for  the  robot  will  be  built  with  intrinsically  safe  circuitry. 

•  The  entire  robot  system  will  be  grounded  to  tiie  tank  to  eliminate  static  potential  in  the 
product 
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•  llie  (XH^dant  delivery  system  and  the  tank  cleaning  systems  will  need  to  address  st^c  charge 
issues. 

The  certification  process  is  similv  between  the  UL  and  FMC  companies  and  qperates  as  follows: 

•  As  foe  client  we  submit  a  letter  requesting  certification  of  our  conqileted  product  design  along 
with  the  design  documents. 

•  We  will  pay  the  certifying  company  to  review  our  documentation  and  issue  us  a  service 
agreement  and  co^  pft^w^  for  file  certification. 

•  Upon  accqitance  we  delivo- the  hardware  fiir  evaluation. 

•  Hie  certifying  conqiany  evaluates  the  accuracy  ofthehtfdware  with  the  product  dedgn.  If 
there  are  (fisorcfMncies.  file  evaluation  stops  urfiil  the  situatitm  is  rectified. 

•  The  certifying  company  b^ins  the  testing  program  and  stops  work  and  advises  the  client  if 
there  are  any  problems.  Coiective  action  rmist  take  {fiace  before  proceeding.  This  process 
oorfiiruies  u^  file  testing  is  satisfactorily  completed. 

•  The  certifying  con^Mu^  then  visits  the  client's  facility  and  subcontractor's  facilities  to  review 
the  qu^fycontnfi  procedures,  inflection  procedures  and  quality  assurance  documents. 

These  items  ate  subject  to  aurfo  fi^^iout  the  manufacturing  life  of  the  systems. 

•  The  certifying  conqiar^  reviews  all  of  the  rqports  and  when  satisfied  that  all  file  criteria  has 
been  met  Faroes  the  certification  and  lists  the  product 

Any  difficulty  encountered  in  file  approval  process  or  oversights  in  the  otigmal  design  will  result  in 
ddaysanid  costs.  In  order  to  avoid  these  costly  d^ys  we  recommend  the  foUov!^  plan: 

•  Early  in  the  Phase  2  design,  meet  wifii  both  certification  (XHnpanies  lor  a  finee  evaluation  of 
the  concept  and  an  evaluation  of  their  services  and  procedures. 

•  Make  a  decision  on  wliidi  company  to  engage  in  the  certification  process. 

•  As  the  dedgn  of  die  system  progresses  and  before  design  submittal  for  certification,  pay  the 
certification  company  for  consultation  time  at  approximately  $12C/hr  to  evaluate  file 
readiness  for  submittal  and  offer  eiqiertise  <mi  the  design. 

•  Plan  on  some  delays  in  the  fiproval  process  and  budg^  time  and  money  for  reworit. 

Until  the  detailed  design  is  conqilete  and  submitted,  actual  costs  cannot  be  calculated.  Itwas 
mentioned  to  us  that  a  system  of  this  cooffiexity  mi^  take  6  months  and  $50,000  to  obtain  certification. 
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CHAPTER  6  SYSTEM  DESIGN 


RedZone  has  designed  an  automated  in-situ  inflection  system  that  satisfies  the  requirements  outlined 
previously.  The  system  consists  of  ttiree  primary  subsystems: 

•  the  in-tank  mobile  robot; 

•  die  qieratrv  conscde; 

•  the  defdoymeitt  and  tether  management  system 

These  are  rqxesenled  sdiemadcally  in  Hgure  2  System  Block  Diagram  and  graphically  in  Hgure  3 
System  Overview.  The  Allowing  sections  desciite  these  subsystems  in  detail. 


OPERATOR  CONSOLE 


Figure  2  System  Block  Diagram 
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System  Overview 


lB*Taak  Mobile  Robot 

The  robot  consists  of  a  frame  and  pressurized  housing,  drive  train,  sensors,  magnetic  and  the  UT 
inspection  system.  We  have  selected  a  magnetic-wheeled  vehicle  with  a  magnetic  center  pivot  foot  as  the 
basic  robot  configuration.  The  robot  will  dead-reckon  using  a  drive  motor  encode. 

Frame  and  Pressurized  Hrmsing 

The  robot  frame  will  be  constructed  from  welded  aluminum  {dates.  All  of  the  mechanical 
components  will  be  mourned  to  this  frame.  The  pressurized  housii^  will  be  a  two-p^  aluminum 
enclosure  t^  can  be  sealed,  {mrged  and  ptesauized.  The  motors,  lJTheai^{)ressuriz^  housing  and  the 
ftehtr  will  bwx)me  an  integrated  oom{X)nenL  The  motors  will  be  mounted  in  the  housing  and  the  shafts  of 
the  rntdOTS  pass  through  shaft  seals  rated  fw  the  hazardous  environment 

The  tether  is  sealed  to  the  housing,  allowing  the  gas  to  purge  and  pressurize  the  system.  TheUT 
sensor  head  is  connected  m  the  pressurmed  housing  with  tubing  and  betimes  a  {»rt  of  the  purged  and 
{xessurized  system.  The  wiring  for  the  intrinsically  safe  equi(>ment  will  pass  thi^gh  a  ^  in  the 
pressurized  housiitg  to  foe  intrinsically  safe  com{)ooents.  The  design  of  these  elements  is  critical  to 
obtaining  certification  fix  foe  hazardous  environment  By  layout  of  the  key  con^)onents  we  have 
determined  that  the  medianical  system  with  foe  enclosure  will  [>ass  through  the  4  in.  (101.6  mm)  riser. 

Drive  Train 

The  drive  system  for  foe  robot  is  {wwered  by  two  motors:  the  servo  drive  mottx  and  a  foot 
raise/lower  motor.  The  (bive  motcxis  a  DC  {wwered  optically  encoded  servo  moux  rated  for  a 
continuous  ou^Nit  of  1/20  Iq).  llus  motcx  drives  a  dual  outixit  through  a  tight  angle  gearhead. 

One  side  of  riie  drive  output  drives  foe  magnetic  ^i^ieels  through  chain  and  ^xockets  and  the  other 
side  of  the  drive  output  drives  the  rotation  on  the  magnetic  foot  forough  a  worm  and  wheel  gew  set 
Because  of  the  common  <fove,  the  wheels  turn  in  foe  air  uhile  the  rol^  s()ins  ai^  foe  magnetic  foot 
rotates  in  foe  air  \foile  the  robot  drives.  By  using  one  motor  to  handle  both  motions  we  economize  on 
^Ktee  and  lower  foe  wire  count  in  foe  robot  tether. 

The  incremental  motion  between  standing  on  foe  central  {uvot  foot  and  standing  on  the  wheels  is 
actuated  by  a  DC  motor.  IheDCmotorispowoedby  a  power  su{)ply  at  the  PDU,  started!^  the 
coofouter  and  sto{)ped  by  limit  switches  at  the  mechanical  ends  of  the  raise/lower  mc^on.  front  and 

rear  axles  for  Uk  magnetic  wl^ls  are  mounted  on  flexible  pieces  of  the  firame  allowing  linuted 
movement  and  coII^£ance  with  the  tank.  Ihis  drive  train  ciesign  is  simple,  com{)act  and  will  be 
extremely  reliable. 
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Figure  4  Drive  Motion  Sequence. 
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The  robot  will  drive  and  maneuv^  through  the  following  motions  as  shown  in  Figure  4  Drive 
Motion  Sequence. 

1.  Driving  -  In  this  mode  the  magnetic  wheels  move  the  robot  forward  or  backward  and  the 
relative  distance  is  measured  with  the  drive  motor  encoder. 

2.  Stop  and  Stand  on  Foot  -  To  make  a  turn  the  robot  must  come  to  a  complete  stop  and  stand  on 
the  ceittral  foot  The  foot  is  actuated  by  a  separate  motor  with  limited  travel  between  "foot 
up”  and  "foot  down"  positions. 

3.  Pivot  About  Foot  -  Once  standii^  on  die  foot  the  drive  motm  drives  the  robot  about  the  foot 
in  eitho^  direction  and  relative  angular  change  is  measured  by  the  drive  motor  encoder. 

4.  Raise  Foot  and  Drive  -  Once  the  angular  position  is  adiieved  the  foot  is  raised  to  the  "foot 
up"  position  and  die  driving  may  continue  as  described  in  step  1. 

Magnetics 

Because  the  inspection  vdiicle  must  reach  all  the  sections  of  the  tank  interior,  it  must  be  equipped 
widi  a  mechanism  to  Iwld  onto  the  wall  in  any  oriemtdion.  The  most  difiBcult  situation  is  when  foe 
v^cle  is  on  a  vertical  wall  where  the  attractive  force  to  tiiie  wall  must  generate  enough  frictional  fmce  to 
counta*  ^  gravity.  Because  the  coeffident  of  friction  is  often  only  a  nraction  of  unity,  the  attractive 
fixce  must  to  exc^  the  gravitational  force  on  the  vehicle. 

During  Phase  I,  we  investigate  various  attaches  to  genoate  such  an  attractive  force.  We  have 
found  that  use  of  permanent  magnetic  force  is  the  most  promising.  Because  virtually  all  the  tanks  of 
interest  are  made  of  magnetic  steel,  the  magnetic  method  is  widely  applicable.  No  controls  or  energy 
iiqiut  is  necessary  if  one  makes  use  of  permanent  magnets.  With  today's  advanced  high  energy  permanent 
magnets,  the  system  can  be  built  quite  cooqiacdy.  Ok  edimate  is  that  die  pulling  force  of  foe  best 
permanent  magnets  can  be  as  high  as  10  pounds  per  square  centimeter,  dxiut  five  times  that  of  a  suction 
cup. 

While  the  use  of  magnetic  force  is  quite  attractive,  we  also  found  foat  rather  intensive  researdi  is 
needed  to  redize  its  full  potential.  Because  magnets  always  have  two  poles,  one  cannot  sinqily  malm  a 
wheel  out  of  permanent  magnet  material.  We  must  prcqierly  arrange  tto  poles  of  the  magnets  so  diat  the 
wheel  generates  adequate  a^  smooth  attractive  fmce.  Additional  consideration  must  go  to  the 
mechanical  properties  of  magnet  materiais.  Permanent  magnet  materials  are  generally  hard  and  britde 
and  the  vlieel  must  be  desig^  to  keq>  this  relatively  fragile  conqwnent  well-protected. 

We  have  examined  two  basic  configurations.  In  the  first  design  the  magnets  are  arranged  radially  ta 
the  circumference  of  the  ufoeel  to  form  multiple  poles  on  die  surface  of  the  wheel  that  makes  contact  wifo 
foe  steel  {date.  One  drawback  is  that  the  attractive  force  to  the  steel  wall  varies  as  it  rotates.  These 
uneven  attractive  forces  will  result  in  a  torque  on  foe  wheel. 

The  second  configuration  should  be  fiee  from  this  {xoblem  because  the  wheel  can  be  constructed 
symmetric^y  around  the  axis  of  rotation.  Furthomore  ^  entire  load  on  the  wheel  can  be  supported  by 
the  steel  conqwoent  alone.  The  design  is  also  conducive  to  easy  assembly.  However,  it  requi^  a  large 
amount  of  expensive  magnet  material. 

The  investigation  to  establish  the  relative  merits  of  both  tqiproaches  is  well  uiKler  way.  An  actual 
model  is  being  constructed  based  on  the  first  (tesign  because  it  is  expected  to  exert  the  maximum 
attractive  force.  To  minimize  the  effect  of  uneven  attractive  toce,  die  wheels  being  constructed  are 
divkled  into  dnee  sections.  This  will  smooth  the  variation  of  die  attractive  force  ai^  minimize  the  torque 
on  die  ufoeel. 

The  magnetic  wheel  under  construction  is  by  no  means  optimized;  there  are  many  possible  variants 
for  the  two  tasic  designs.  While  under-designing  the  attractive  force  is  clearly  unacceptable,  over- 


designing  can  also  lead  U>  catastrophic  failure  because  it  could  overload  the  drive  motor.  The  magnetic 
^tractive  force  varies  as  a  gap  between  the  magnet  and  the  steel  plate  varies  and  the  analysis  of  tte 
attractive  force  is  not  strai^ttforward. 

During  initial  months  of  Phase  II  efforts,  we  will  perform  careful  evaluation  of  the  situation  both 
theoretically  and  experimentally.  The  attractive  force  of  the  rnagnetic  wheel  of  a  given  design  will  be 
calculated  initially  by  a  lumped  circuit  analysis  to  expltxe  design  principles.  Once  the  basic  desi^ 
Sftproach  is  estabuslied,  the  calculation  will  be  refined  using  a  finite  element  method.  Experimental 
confirmation  is  still  e^ntial  because  the  attractive  force  of  the  magnetic  vt^teel  depends  on  the  conrfition 
of  the  steel  surface.  A  rough  and  dt^  surface  tends  to  reduce  the  magnetic  force.  We  will  conduct  a 
thorougli  investigation  unda  realistic  conditions. 

UT  Inspection  Sensor 

To  take  UT  readings  on  the  tank  wall,  the  wall  must  be  clean  and  the  UT  transducer  witii  coqdant 
is  positioned  against  tiie  wall  for  the  reading.  To  accomf^sh  the  cleaning  task  a  brush,  (kiven  by  a  DC 
motor  cleans  tte  wall  surface  ahead  of  the  UT  transthicer.  The  UT  transAicer  is  imbedded  in  a  protective 
carrier  sled  ttiat  holds  the  transducer  stpiare  with  the  surface  of  the  wall  In  the  sled  ahead  of  the 
transducer  is  a  couplant  port  which  delivers  couplarub^een  the  wall  and  the  transducer.  Theco^ant 
is  stnirced  from  the  surface  through  the  robot  tether  to  the  sled.  In  order  to  guarantee  that  the  sled  is  in  the 
proper  position  contact  sensors  integrated  with  springs  indicate  to  the  controller  that  the  sled  is  normal  to 
the  wall  surface  and  being  held  witii  a  known  force. 


Operators  Console 

The  operatm  console  consists  of  tite  controller,  the  UT  data  collection  system  and  the  power 
distribution  unit  All  elements  of  the  console  will  be  packaged  to  be  weather  resistant,  portable  by  one 
person  and  operate  from  a  110  VAC,  60  Hz  single  ph^  power  source. 

Controller 

The  cmdroUer  will  be  based  on  RedZone's  Intelligent  Controller  for  Enhanced  Telerobotics  (ICET), 
a  flexible,  qien  robot  controller  targeted  specifically  at  robotic  sm^cations  frn^  hazardous  environments. 
The  IntelUgent  Controller's  modular  structure  allows  it  to  be  readily  applied  to  many  different  robots  and 
user  interfaces.  Fw  example,  as  part  of  an  RTDP  Integrmed  Demonstration,  Sandia  National  Laboratories 
developed  a  grafMcal  fiont  end  to  the  Remote  Tank  Inspection  System  that  was  linked  to  the  Intelligent 
Controller.  The  controller  includes  the  hardware  and  software  necessary  to  operate  the  system.  The 
cottirollar  hardware  consists  of  an  industrial  personal  computer,  an  opentior  interface  paael,  power 
distribution  unit  and  weather  tight  enclosure. 

The  computer  is  a  commercially  available  industrial  grade  computer  with  tiie  following  features: 

•  Touch  screen 

•  Monochrome  flat  screen  display 

•  Intel  486  -  33  MHz  -  DX  Processor 

•  210  Mb  Hard  drive 

•  12  Mb  of  memtwy 

•  Weathaproof  keyboard 

The  computer  will  hold  the  following  boards; 
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•  Motion  Control  board  -  this  commercial  board  handles  the  servo  control  of  the  drive  motor  on 
the  r<^x)t  and  the  reel  motor  on  the  tether  management  system.  The  motion  control  board  has 
enough  output  bits  to  control  the  couplant  sup[4y,  cleaning  brush,  amplifier  enable  signals 
and  power  up  circuitry. 

•  Analog  board  -  this  board  handles  and  monitors  the  bump  switdies,  UT  inspection  head 
deployment  contact  switches,  purge  gas  sup[4y  pressure  and  cou[4ant  temperature. 

To  interface  with  the  controlla  the  operator  will  ii^xit  control  functions  through  the  touch  screen 
and  the  operaim  interface.  The  touch  screen  will  be  menu  driven  and  offer  the  t^rator  several  options 
wi A  respect  to  the  inspection  task.  The  operator  imerface  is  a  control  panel  with  switches  and  a  joystick. 
The  operator  interface  will  interact  with  the  controller  like  the  touch  screen  to  allow  the  operator  to 
acknowledge  certain  events.  The  interface  will  also  have  the  overall  system  kill  switch  ^ch  wiU  power 
down  tile  r^t  t^her. 

Software  modules  in  the  UST  robot  controller  will  include: 

•  A  Task  Executive  serves  as  the  front  end  fw  the  controller.  It  is  responsible  ftv  the  entire  user 
interftare,  which  may  be  as  simple  as  a  switch  box  with  lights,  or  as  complex  as  a  three 
dimensional  graftiiics  di^lay.  Task  Executive  shells  are  avai^le  to  simplify  tiie 
development  of  new  applications. 

•  A  Health  Monitor  serves  as  a  watch(k)g  for  the  entire  system.  If  key  processes  fail,  it  will 
either  attempt  to  restart  them,  or  shutdown  the  entire  system. 

•  A  Data  Manager  is  the  central  repository  fm:  key  data.  Data  such  as  the  robot  position  are 
stored  tiirough  die  Data  Manager. 

•  Motion  Planners  to  plot  trajectories  for  the  robot  Typical  motion  planner  for  this  robot 
includes  end  cap  inflection  routine,  robot  orientation  routine,  cylindrical  wall  inspection 
routines  and  object  location  and  avoidance 

•  Motion  Controllers  to  perform  all  of  the  low  level  servo  control  functions.  Typical  interfaces 
to  tii^  motion  control  boards  are  in  ttie  fcnm  of  position  and  velodty  commands. 

UT  Data  Collection  System 

We  will  work  with  an  ins^tion  con^)any  to  identify  the  appropriate  commercial  UT  data 
collection  system  to  integrate  with  the  UT  sensor.  The  commercitd  system  must  incorporate  four 
elements:  UT  inspector  intoface,  data  acquiation,  data  recording  and  data  reporting. 

•  UT  inspector  interface  will  allow  the  inspector  to  monitor  the  ir^pection  while  in  progress 
and  allow  the  calibration  of  the  sensor  before  operatioa  Most  of  the  commercial  systems 
offer  a  menu  of  displays  for  calibration  and  viewing  formats. 

•  Data  Acquisition  will  trigger  the  sensing  head  and  receive  the  position  data  from  the 
controller. 

•  Data  Recording  will  store  all  of  die  information  gathered  from  the  site  in  a  reproducible 
format 

•  Data  Reporting  will  include  the  historic  data  on  the  UST,  the  inspection  {H'ocess  data  and  the 
recoded  data  in  an  integimed  report  that  can  be  transferred  electronically  to  CERL  for  their 
ev^uation.  The  long  range  commercial  development  system  will  include  the  data  analysis 
and  tank  condition  report 
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Power  Distribution  Unit  (PDU) 

The  PDU  contains  the  components  to  power  the  system.  The  components  include  the  powo* 
supplies,  motor  amplifiers,  isolation  circuitry,  ii^t  and  output  solid  state  circuitry,  the  c£d>le  connector 
intnfaces,  the  safety  circuitry  and  the  power  wiring. 

•  Motor  Amplifiers  will  be  commercial  DC  servo  amplifiers  that  are  compatible  with  the 
motors. 

•  Isolation  Circuitry  is  required  for  the  intrinsically  safe  circuits.  These  units  are  sold  as  an 
integral  part  of  an  intrinsically  safe  sensor. 

•  Input  and  Output  modules  will  be  the  modular  style  which  plug  into  a  commercial  interface 
board. 

•  Safety  Circuitry  will  consist  of  relays  to  interlock  and  prevent  the  unintentional  powering  of 
the  system. 


Deployment  and  Tether  Management 

The  tether  management  system  includes  the  console  tether,  robot  tether,  tetiher  reel,  couplant  supply 
and  die  purge  gas  supply.  In  Figure  3  System  Ovoview  the  system  is  shown  installed  in  a  van  with  fht 
couplant  and  purge  gas  supplies  shown  adjacent  to  tl^  riser  for  clarity  and  to  reflea  die  stand  alone  nature 
of  dKse  components.  In  a  van  based  deployment  we  feel  that  the  operator  will  have  these  elements  in  die 
van  as  reflected  in  Figure  5  Van  Based  Deployment 


Figure  5  Van  Based  Deployment. 
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The  robot  tether  is  the  lifeline  of  the  robot  aiKl  contains  the  couplant  and  wiring  needed  to  run  the 
in^jecdoa  The  robot  tether  is  managed  by  draping  enough  slack  between  the  tank  riser  and  the  robot  to 
guarantee  that  the  robot  does  not  run  over  the  tether  or  the  tether  pulls  to  hard  and  dislodges  the  robot 
This  slack  is  managed  with  the  tether  reel  at  the  riser  and  control  is  handled  by  software  and  die  hardware 
at  die  console.  The  tetl^  reel  is  outfitted  with  a  slip  ring  to  allow  the  reel  to  spin  without  tangling  the 
tether.  The  slip  ring  carries  the  wiring,  couplant  and  imrge  gas  for  the  robot  tether.  The  couplant  supply, 
purge  gas  suj^ly,  console  tether  and  the  system  grou^  coimection  are  the  remaining  elements  ccmnected 
to  the  tether  reel.  The  tether  management  integrates  die  robot  and  operadxs  station  to  conqilete  the 
inspection  system.  The  following  lists  rejxesent  the  details  of  the  tetter  management  system. 

Console  Tether 

•  System  ground  wire  attaching  the  system  to  the  UST. 

•  Couplant  supply  wiring  to  power  and  control  the  couplant  supply. 

•  Purge  gas  supply  monitoring  wiring. 

•  Tether  reel  motor  wiring. 

•  Electrical  wiring  within  the  robot  tetter. 


Tether  Reel 


•  Tether  reel  vrill  be  a  custom  reel  and  slip  ring  assembly. 

•  Slip  ring  will  carry  all  of  the  tetter  conductors,  the  couplant  and  the  purged  gas  line. 

•  Tetha  reel  will  be  driven  by  a  DC  servo  motor. 

•  The  tether  is  actively  servo-controlled  during  the  robot  operation. 

Robot  Tester 

•  System  ground  wire. 

•  1  pmr  of  wires  for  the  drive  motor. 

•  3  pairs  of  wires  for  the  drive  motor  encoder. 

•  1  pair  of  wires  for  the  cleaning  motor. 

•  1  pair  of  wires  for  the  robot  central  pivot  foot  raise  motor. 

•  1  pair  of  wires  for  the  bump  sensors  and  die  UT  deployment  contact  sensors. 

•  1  coaxial  line  for  the  UT  sensor. 

•  UT  couplant  supfdy  line. 

•  Strengdi  member,  fuel  resistant,  wear  resistant,  tubing  capable  of  dragging  die  robot  out  of 
the  tai^  containing  the  pressurized  purge  gas  and  accommodating  all  of  the  tether  elements. 

•  Purge  gas. 


27 


Couplant  Supply 

•  Reservoir  for  the  couplant  required  for  an  inspection. 

•  Couplant  pump  to  suj^ly  the  couplant 

•  Couplant  metering  to  regulate  flow  to  die  tether  and  robot 

•  Couplant  heater  for  maintaining  the  temperature  of  the  coiq)lant  in  cold  weather. 
Purge  Gas  Supply 

•  Nitrogen  Gas. 

•  Tank  with  regulators. 

•  Pressure  transducer  to  allow  monitoring  of  the  supply. 

•  Pressure  gauges. 
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CHAPTER  7.  MOCKUP  AND  TESTING 


We  mocked-up  the  most  fundamental  aspects  of  the  desiga  They  include  the  wall  attadunent 
mechanism  and  the  straight  line  drive  mechanism.  In  this  task  we  detennined  the  components  whi^ 
require  mock-up  to  verify  poformance  and  noted  limitations  from  the  original  specifications  and  detailed 
our  findings. 

Mockup  Components 


The  test  setup  contains  the  following  elements: 

•  Underground  storage  tank  mockup. 

•  Personal  conqaiter  with  a  motion  control  card. 

•  Software  supplied  with  die  motion  control  card. 

•  Motor  amplifier  and  power  supplies. 

•  Mockup  robot 
UST  Mockup 

In  order  to  test  UST  robot  mechanisms  we  installed  a  portion  of  an  used  UST  in  our  facility  refer  to 
Figure  6  Underground  Storage  Tank  Mockup.  The  mockup  has  the  following  characteristics: 


END  VIEW 


Figure  6  Underground  Storage  Tank  Mockup. 
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•  IS  year  old  gasoline  ranlc,  recently  excavated  and  cleaned 

•  Minimal  amounts  of  sluc^e 

•  No  visibte  {nttii^ 

•  Rust  and  scale  on  the  interior  is  minimal. 

•  Tank  is  8  ft  (2.4  m)  in  diameter. 

•  Tank  is  cut  to  1 1  ft  (3.4  m)  ftom  the  original  tank. 

•  One  end  of  the  tank  was  left  with  the  original  rolled  flange  cap  and  the  odier  end  is  open  and 
cross  braced  with  steel  angles. 

•  Tank  is  constructed  of  1/4  in  (6.4  mm)  thidr  steel  plates  that  ate  welded  in  overls^ng  bands. 

•  2  in  (S0.8  mm)  by  2  in  (S0.8  mm)  by  1/4  in  (6.4  mm)  thick  steel  fabrication  tabs  remain  in  the 

tank.  These  ti^  were  used  to  alij^  the  plates  during  die  original  fabrication  process  and  now 
represent  rtmdom  obstacles  to  the  inq)ection. 

•  Two  4  in.  (101.6  mm)  access  riser  openings  exist 

•  One  3  ft  (0.9  m)  4in  Schedule  40  access  installed  in  one  riser 

•  A  rolling  floor  supptxt  to  hold  the  tank  allowing  rotation  of  die  tank  and  defdoyment  of  die 
robot  fi'om  ground  level 

The  modoq)  can  be  easily  ui^raded  to  include  the  addition  of  calibrated  corrosion^ales,  interim 
obstades  and  an  end  cip  to  allowing  of  the  tank  with  fluid.  The  mockup  win  not  be  filled  with  flid. 
This  tank  mockup  wiU  serve  phase  2  rcmdc  develc^nneot  and  testing. 


Mockup  Electronics  and  Software 

The  personal  computer,  motion  cordrol  card,  motor  amidifier,  power  supplies,  wiring  and  a  30  ft 
(9.1m)  ted»  were  integrated  in  a  bendi  top  setip  to  conduct  die  testing  in  the  mocloip.  Software 
stpfdied  with  the  motion  control  board  aUows  low  levd  commands  to  and  feedback  ^m  the  drive  motor 
on  &e  rnoclnp  robot 


Robot  Mockup 

The  mockup  robot  consists  of  the  following,  derived  from  the  mechanical  design  desoibed  in 
Chapter  5  of  this  paper 

•  2  c^ndrical  magnetic  wheels  2 . 125  in  (54.0  mm)  in  diameter  and  2-3/16  in  (55.6  mm)  long 
were  custom  built  The  custom  magnetic  aheels  purchased  provided  extremely  good 
adtiaction  to  the  tank  walls. 

•  The  drive  motor  is  a  DC  brushed  motor  with  an  integral  500  line  encoder  and  500:1  gearhead. 
This  motor  and  gearhead  provided  the  derired  tor^  but  not  the  desired  velocity.  This 
limitation  was  a  ^cision  based  on  short  term  availability  of  components. 

•  Otiier  drive  components  consist  of  a  right  angle  gearbox,  sprockets  and  chaia  Theriot 
angle  gearbox,  chosen  ^e  to  availability,  broke  early  in  tte  testing.  The  gearbox  ftdlure 
occuri^  vriien  the  helical  gear  pressed  onto  the  shaft  in  the  gearbox  was  overtorqued. 
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Attempts  to  rebuild  the  gearbox  failed.  This  right  angle  gear  drive  is  the  configuration  that 
we  de^  for  the  final  version. 


•  To  continue  the  testing  the  robot  drive  train  was  re-configured  widi  the  motor  parallel  to  the 
wheel  axles.  The  motor  was  cou{ded  to  one  magnetic  w^ieel  with  the  use  of  chain  and 
sprockets.  The  chain  sprockets  were  subject  to  slipping  on  the  shafts  even  udien  glued  and 
set  screwed  in  place.  'Diese  mechanical  components  must  be  ruggedized  in  the  phase  2 
d^gns. 

•  The  mounting  frame  is  constructed  from  2  side  plates  and  various  bracks  ttiat  integrate  all 
of  the  components. 

•  The  mounting  fi:ame  (4aces  the  2  magn^c  wheels  16  in  (0.3  m)  apart  axle  to  axle. 

•  The  foot  rotation  could  not  be  integtmed  into  the  mockup  in  the  time  and  budget  remaining  in 
this  project 

•  The  robot  weighed  10  lbs  in  testing. 

Using  this  set  up  we  conducted  die  following  tests: 

•  Mobility  tests 

•  Positional  dead  reckoning  accuracy  test 

Mobility  tests 

MobUity  test  (^Jectives 

•  Fitdirougha4  in  (101 .6  mm)  schedule  40  pipe. 

•  Driving  effectively  in  the  mockup. 

•  Drivii^  over  the  [date  transitions. 

•  Evaluating  what  is  needed  to  make  safe  wall  tranations. 

Moiriiity  test  procedures 

Mobility  test  procedures  took  place  in  the  tank  mockup: 

1.  Rt  the  robot  down  a  4  in  (101.6  mm)  schedule  40  pipe. 

2.  Drive  straight  along  the  bottom  of  the  tank  and  return. 

3.  Drive  die  inside  circumference  of  the  tank. 

4.  Drive  randomly  around  the  tank. 

5.  Drive  square  into  die  endcap  and  try  to  make  the  transition  onto  the  If  the  robot  does  not 
successfully  transition,  determine  what  is  needed  to  make  the  transition  consistendy. 


MobUity  test  Conclusions 

Moltility  test  observations: 
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1.  The  right  angle  drive  train  configured  robot  fit  duough  the  4  in  (101.6  mm)  schedule  40  pipe. 
The  length  of  the  motor  when  turned  parallel  to  the  magnetic  wheel  axle  would  not  fit 
through  the  pipe. 

2.  The  right  angle  drive  robot  functiooed  on  the  bench  top;  but  failed  in  the  tank  mocla^)  due  to 
overtorquiQg. 

3.  The  robot  drove  in  repeatable  straight  line  paths  in  forward  and  backward  morion  in  any 
orientation  in  the  tank.  The  robot  could  climb  over  the  1/4  in  (6.4  mm)  [date  seams  without 
any  problem. 

4.  The  robot  morion  was  jerky  due  to  the  magnetic  effects  of  the  wheels.  With  the  (taive  train 
disconnected  it  took  10  lbs  of  force  to  ovocome  the  magnetic  pull  of  the  wheels  to  begin 
moving.  When  driving,  this  jerky  morion  severdy  inqMCted  the  basic  drive  componems  and 
will  requite  much  better  condructioo  for  phase  2. 

S  The  leading  magnetic  rfriieel  stude  in  die  comer  of  the  (dates  trying  to  make  the  transition 
from  the  tank  wall  to  die  end  cap.  We  found  that  a  gap  as  small  as  1/4  in  (6.4  mm)  betweoi 
the  wheel  and  one  of  the  plate  spaces  allowed  this  transition  to  occur  smoothly.  Therear 
wheel  also  sticks  as  it  trin  to  make  the  transition  and  by  provitfiiig  the  small  gap  the 
transition  continues  smoothly. 


Positional  dead  reckoning  accuracy  test 

The  final  version  of  the  mockup  robot  limited  this  research  to  straight  line  tests. 

Positional  test  objectives: 

Accuracy  of  a  driven  path. 

Positional  test  procedures 

Command  and  drive  a  straight  padis  and  measure  die  actual  distance  traveled. 

PositUmal  test  Conclusions 

Table  1,  Position  Accuracy  Tests  reflect  errors  oflessdian  3%  in  all  test  runs.  The  accuracy  of  a 
phase  2  system  integrating  better  components  should  yield  much  smaller  positional  errors. 
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Velocity 

CTS/SEC 

Start  Position 
Counts 

End  Position 

Counts 

Distance 

Measure 

Inches 

Distances  by 
Enc 

Calc.  Inches 

Error 

Horizontal  Tests 
SOOOO 

0 

-7836757 

60 

59.69 

0.52% 

-7836757 

-71387 

60 

59.21 

1.32% 

100000 

0 

-7718879 

61 

60.47 

100000 

0 

7752081 

60 

60.25 

ISOOOO 

7752081 

1535 

60 

60.24 

0 

7691522 

60 

60.66 

1.09%l 

7691522 

-5649 

61 

60.691 

-5469 

7708896 

61 

60.581 

0.70% 

2S0000 

0 

7566417 

62 

61.49 

0.82% 

Vertical  Tests 
50000 

0 

7812045 

60 

59.85 

0.25% 

100000 

0 

7905011 

60 

59.23 

1.28% 

150000 

0 

7938046 

60 

59.01 

1.65% 

liHilEI22Zi] 

6 

8009491 

60 

58.53 

2.45% 

1  ■■1^1122 

0 

7796884 

60 

59.95 

0.08% 

Table  1  Positional  Accuracy  Tests 

Design  ConduskNis 

•  Wecanmaketbeeiidcs^tniiisitioiisby  iotegratiiigameduuiicaldevicetosqNiratethe 
magn^c  wheel  from  1  i^ate  suif^. 

•  We  identified  that  extra  tcmpie  is  needed  in  the  drive  train  design  to  overcome  the  magnetic 
puUofthewdieels. 

•  We  traversed  all  of  the  surfaces  including  the  {date  seams  in  the  tank  in  any  orientation  widi 
no  problems. 

•  We  can  fit  down  the  4  in  riser  pipe  when  configured  in  a  ri^  angle  drive  orientation. 

•  We  identified  that  better  quality  mechanical  components  are  key  to  providing  reliability  and 
accuracy. 

■  We  did  not  get  to  test  the  rotational  actuation  of  the  robot  and  feel  this  key  element  should  be 

tested  early  in  the  j^iase  2  program. 
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CHAPTER  8.  CONCLUSIONS  AND  RECOMMENDATIONS 


CondusHHis 

The  robotic  system  is  designed  to  meet  the  criteria  outlined  in  the  Draft  Standard  For  The  Robotic 
Inflection  of  Undergrot^  Stori^  Tanks  developed  for  the  EPA  which  sets  the  standards  of  pedbnnance 
ftir  die  thickness  inspection  by  a  robot  in  USTs. 

The  in  tank  tiiickness  inflection  is  achievable  with  the  technologies  outlined  in  this  report 

The  system  derign  must  be  capable  of  being  classified  for  use  in  the  Class  1  Division  1  hazardous 
environment 

The  simplidty  of  the  robot  system  outlined  in  this  research  will  result  in  a  system  that  is  reliable 
and  economical.  This  is  the  key  to  die  widespread  acceptance  ofthis  product  as  the  tool  of  choice  when 
evaluating  the  condition  of  an  UST.  This  design  will  allow  the  UT  inspects  to  be  trained  as  the  robot 
operator  turning  the  entire  inspection  into  a  one-man  (^leration. 


Reconunendatioiis 

The  sinqilidty  of  the  robot  system  outlined  in  this  research  wiU  result  in  a  system  that  is  reliable 
and  economical.  Economy  and  reliability  are  tte  keys  to  the  widespread  acceptance  of  this  pnxhict  as  die 
tool  of  choice  when  evaluating  the  condition  of  an  UST.  This  desi^  will  allow  the  UT  infiector  to  be 
traiiied  as  die  robot  openoor  turning  the  adre  inspection  into  a  one-man  qperadon. 

The  hazardous  classification  is  the  key  element  in  the  acceptmice  ftir  field  use  of  these  types  of 
robotic  system  and  the  process  lear^  to  certification  should  begin  at  die  start  of  die  design. 

The  robot  configuration  that  is  certified  for  hazardous  use  is  a  patent  able  device  and  the  patent 
process  should  be  started  widi  the  deagiL 

Looking  at  die  1998  deadline  for  comideting  action  on  die  Army  USTs  there  is  an  immediaie  need 
for  the  develr^ent  of  this  technology. 
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